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The kidney’s vital filtration function depends on the structural integrity of the glomerulus, the proximal portion of the nephron.
Within the glomerulus, the architecturally complex podocyte forms the final cellular barrier to filtration. Injury to the podocyte
results in a morphological change called foot process effacement, which is a ubiquitous feature of proteinuric diseases. The exact
mechanism underlying foot process effacement is not known, but recently it has been proposed that this change might reflect
activation of the Rac1 GTPase. To test this hypothesis, we generated a podocyte-specific, inducible transgenic mouse line that
expressed constitutively active Rac1. When the Rac1 transgene was induced, we observed a rapid onset of proteinuria with focal
foot process effacement. Using superresolution imaging, we verified that the induced transgene was expressed in damaged podo-
cytes with altered foot process morphology. This work sheds new light on the complex balance of Rho GTPase signaling that is
required for proper regulation of the podocyte cytoskeleton.

The structural integrity of the proximal portion of the nephron,
the glomerulus, is vital to the kidney’s filtration function.

Within the glomerular capillary tuft, the kidney’s filtration barrier
is a biomechanical composite of fenestrated endothelial cells, a
thick glomerular basement membrane, and complex visceral epi-
thelial cells called podocytes. Podocytes lie on the outer aspect of
glomerular capillaries and extend cytoplasmic processes (foot
processes) that interdigitate with those from neighboring podo-
cytes to form a mesh-like network that constitutes the final barrier
to filtration. These podocyte foot processes consist of a network of
highly organized actin cytoskeleton structures. Under conditions
of podocyte injury, these foot processes are flattened and simpli-
fied (“effaced”). This change in the podocyte’s cytoskeleton is of-
ten seen in patients with diseases characterized by spillage of
serum proteins into the urine (proteinuria). Defects in actin-reg-
ulatory proteins lead to irreversible podocyte injury and focal and
segmental glomerulosclerosis (FSGS), a disease that is typified by
proteinuria, in humans and in animal models (1, 2).

Numerous cell culture systems point to a critical role for Rho-
family GTPases in actin cytoskeleton remodeling, with RhoA ac-
tivation inducing actin bundling and Rac1 activation inducing
lamellipodia (3). After receiving diverse signaling inputs, mem-
bers of the Rho family of small GTPases act through their effectors
to polymerize and organize actin filaments into various configu-
rations that deform the cell membrane and change the cell shape.
During podocyte foot process effacement, the bundled actin cyto-
skeleton of the foot processes is reorganized into broad membrane
sheets that resemble the lamellipodia seen in cultured cells. As in
in vitro studies, small GTPases of the Rho family (exemplified by
RhoA, Cdc42, and Rac1) and their regulators have been impli-
cated in dynamic shape changes seen in podocytes both during
development and in disease states (4). Of the three major Rho-
family GTPases, Cdc42 has been shown to be critical for podocyte
development, while both RhoA and Rac1 seem dispensable in
early stages (5). After this initial phase, RhoA and Rac1 seem to
play more-important roles in podocyte biology. In many biologi-
cal systems, including podocytes, RhoA and Rac1 antagonize each
other’s activation and function (6, 7).

Some groups have proposed that preferential activation of
RhoA is pathogenic to podocytes and can cause podocyte foot
process effacement and proteinuria (8, 9). This is surprising given
that (i) the proteinuria in this model system took weeks to de-
velop, while activation of Rho-family GTPases in vitro causes
rapid cytoskeletal rearrangement (10, 11), and (ii) the introduc-
tion of dominant negative (DN) RhoA produces a phenotype sim-
ilar to that of a constitutively active RhoA transgene (9).

Therefore, we and others have proposed that excessive Rac1
(and/or Cdc42) activation or inhibition of Rho activity might be
the key step in podocyte injury. Although podocyte-specific loss of
Rac1 has no effect during podocyte development, loss of Rac1
protects against foot process effacement induced by protamine
sulfate infusion (2). Synaptopodin, a podocyte actin-binding pro-
tein, reinforces RhoA signaling and suppresses Cdc42 signaling to
promote proper cytoskeletal architecture (12, 13). Genetic abla-
tion of synaptopodin in mice results in increased susceptibility to
proteinuria (14, 15). Deletion of Rho GDP dissociation inhibitor
alpha (RhoGDI�) (a negative regulator of Rho-family GTPases)
in mice results in foot process effacement and proteinuria that
correlates with increased Rac1 activity (16). Patients with muta-
tions in ARHGDIA also demonstrate increased Rac1 and Cdc42
activity, podocyte foot process effacement, and proteinuria (17,
18). Mutations in the GTPase-activating protein Arhgap24 result
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in increased Rac1 activation in vitro and are correlated with podo-
cyte injury and FSGS in patients (19).

These studies suggest that inappropriate Rac1 activation plays
a pathogenic role in podocyte foot process effacement and pro-
teinuria. However, the effects of Rac1 activation in podocytes have
been studied only indirectly, through the manipulation of up-
stream regulatory proteins (16–19). Therefore, to test directly
whether Rac activation induces podocyte foot process effacement,
we generated a double transgenic system in mice in which green
fluorescent protein (GFP)-tagged constitutively active Rac1
(Rac1Q61L) was expressed in podocytes after induction with
doxycycline (DOX). We observed rapid onset of proteinuria
within 2 days of DOX induction. The degree of proteinuria corre-
lated with the level of active Rac1 expression. However, protein-
uria in this system was not durable; it decreased gradually over the
course of a month despite continuous exposure to DOX. Thus,
activation of Rac1 in podocytes rapidly causes foot process efface-
ment and proteinuria in vivo. These results are distinct from the
effects of RhoA activation in podocytes and emphasize the com-
plex interplay of small GTPase signaling in the regulation of podo-
cyte shape and function.

MATERIALS AND METHODS
Generation of EGFP_CA-Rac1 knock-in transgenic mice. We chose the
Hprt1 locus (on mouse chromosome X) for targeting because it is a non-
essential housekeeping gene that encodes a selectable marker (20, 21). The
pHPRT targeting vector was generated on a pBluescript SKII(�) back-
bone by PCR amplifying the left arm (a 5.1-kb fragment upstream of exon
1) and right arm (a 2.1-kb fragment downstream of exon 1) of the Hprt1
gene from a bacterial artificial chromosome (RP24-335G16). The tetracy-
cline-responsive promoter element (TRE), enhanced GFP (EGFP),
Rac1Q61L, and bovine growth hormone polyadenylation signal (bGH-
polyA) sequences were amplified by PCR and were inserted sequentially
into the pHPRT targeting vector. The KH2 embryonic stem (ES) cell line
harboring the Rosa26-reverse tetracycline transactivator (rtTA) transgene
(on mouse chromosome 6) was used for transfection. Cells with homol-
ogous recombination of the transgene into the Hprt1 locus were selected
on the basis of their growth in the presence of 6-thioguanine, which is
toxic to cells expressing functional Hprt1. Appropriate single-copy inser-
tion of the EGFP_CA-Rac1 transgene into the Hprt1 locus was confirmed
by PCR. Targeted ES cells were injected into blastocysts to generate chi-
meric mice. Because they are on separate chromosomes, the Rosa26-rtTA
and EGFP_CA-Rac1 transgenes segregated in subsequent breedings. The
EGFP_CA-Rac1 single transgenic line was maintained on a C57BL/6J �
129/SvJ mixed genetic background. EGFP genotyping primers (a protocol
from The Jackson Laboratory) were used for genotyping (Forward_
oIMR0872, 5=-AAGTTCATCTGCACCACCG-3=; Reverse_oIMR1416,
5=-TCCTTGAAGAAGATGGTGCG-3=); internal positive-control prim-
ers were Forward_oIMR7338 (5=-CTAGGCCACAGAATTGAAAGATC
T-3=) and Reverse_oIMR7339 (5=-GTAGGTGGAAATTCTAGCATCAT
CC-3=). All animal experiments were conducted with the approval of the
Washington University Animal Studies Committee.

Mouse strains and transgene induction. The NPHS2-rtTA (POD-
rtTA) strain was obtained from Jeffrey Kopp at the NIH (22). The Nphs1-
rtTA-3G (NEF-rtTA) strain will be described in detail elsewhere (34). All
mice used in this study were male, and therefore, each carried only one
copy of the EGFP_CA-Rac1 transgene on his single X chromosome. To
induce transgene expression, regular chow was replaced with DOX-sup-
plemented chow (2,000 ppm; TestDiet) for the times indicated in the
figures.

Cell culture and cell-based assays. Immortalized murine podocytes
were maintained and differentiated as described previously (19). For live-
cell imaging assays, podocytes were infected with lentiviral vectors encod-

ing N-terminally EGFP tagged CA-Rac1 and CA-RhoA. An empty EGFP
vector was used as a control.

Antibodies. Antibodies for immunostaining included rabbit anti-
podocin (P0372; dilution, 1:400; Sigma-Aldrich), goat antinephrin
(AF3159; dilution, 1:100; R&D Systems), rabbit anti-laminin �2 (23) (di-
lution, 1:1,500), rabbit anti-WT1 (SC-192; dilution, 1:200; Santa Cruz),
and chicken anti-GFP (A10262; dilution, 1:500; Invitrogen). The antibod-
ies used for immunoblotting were mouse anti-XFP (632381; dilution,
1:10,000; Clontech), rabbit anti-ERK2 (sc-154; dilution, 1:5,000; Santa
Cruz Biotechnology), and rabbit antipodocin (P0372; dilution, 1:500; Sig-
ma-Aldrich). Fluorescently conjugated secondary antibodies were pur-
chased from Jackson ImmunoResearch, and stochastic optical recon-
struction microscopy (STORM) antibodies were conjugated as described
previously (24).

Immunofluorescence assays. Fresh kidney tissue was embedded in
OCT compound and was snap-frozen on dry ice. Cryosections (8 �m)
were applied to charged slides. Cultured podocytes were seeded onto col-
lagen I-coated coverslips. For immunofluorescence assays, the tissue sec-
tions or coverslips containing podocytes were fixed with 1% paraformal-

FIG 1 Constitutively active Rho-family GTPases exert opposing effects on the
actin cytoskeletons of podocytes. (A) Immunofluorescence imaging was per-
formed on differentiated mouse podocytes that were stably transduced with
EGFP_CA-Rac1 or EGFP_CA-RhoA (green). The filamentous actin network
was delineated with phalloidin (red), and focal adhesions and contacts were
identified with vinculin (blue). Compared to the morphology of control, un-
transduced cells, EGFP_CA-Rac1 induced flattening of the cell and lamellipo-
dium formation, while EGFP_CA-RhoA induced numerous stress fibers and
cell contraction. (B) Under conditions of serum starvation, podocytes exhib-
ited minimal membrane ruffling activity, as determined by kymographic anal-
ysis. The introduction of EGFP_CA-Rac1 significantly increased membrane
dynamics and ruffling. The y axes in panels B and C show actin spike length (in
arbitrary units). Asterisks indicate a significant difference (P � 0.0001) by the
unpaired t test. (C) Exposure of starved cells to serum also induced membrane
ruffling, which was suppressed by the introduction of EGFP_CA-RhoA.
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dehyde (PFA) in phosphate-buffered saline (PBS) for 5 min, followed by
blocking and permeabilization with 2% fetal bovine serum (FBS) in PBS
with 0.1% saponin. Primary antibodies at the dilutions given above were
applied for 1 h at room temperature. After extensive washes with PBS,
fluorescently conjugated secondary antibodies were applied at a 1:500
dilution for another hour at room temperature. After washing, the pre-
pared slides were imaged on an Olympus FV1000 spinning-disc confocal
microscope.

Albumin-creatinine assay. Mouse urine samples were collected at the
time points indicated in the figures, and urinary albumin (E90-134;
Bethyl) and creatinine (DICT-500; BioAssay Systems) were quantified by
enzyme-linked immunosorbent assays (ELISA) according to the manu-
facturers’ protocols.

Transmission electron microscopy (TEM). Portions of kidney cortex
were fixed with 2% paraformaldehyde and 2% glutaraldehyde. Specimen
processing, ultrathin sectioning, and imaging were performed by the Elec-
tron Microscopy (EM) Core Facility at Washington University.

STORM imaging and EM-STORM correlation. The method devel-
oped to perform STORM-EM correlation has been described recently
(25). Kidney tissue was labeled with a rabbit anti-laminin �2 antibody and
an anti-GFP antibody. Donkey anti-mouse and donkey anti-rabbit sec-
ondary antibodies (Jackson ImmunoResearch) were custom conjugated
to the Alexa 647 reporter dye and either the Alexa 405 or the Cy3 activator
dye as described previously (24). Images were acquired using a custom-
made setup as described previously (26). Approximately 10,000 images
per channel were captured and were analyzed using custom software.
After STORM imaging, the tissue sections were fixed in 2% glutaralde-
hyde and were prepared for electron microscopy. Areas of the cover glass
that were imaged for STORM were cut, rinsed in distilled water (dH2O),
deep-frozen, etched, and replicated with �2-nm platinum deposition.
After the glass was dissolved in concentrated hydrofluoric acid, replicas
were rinsed in distilled water, transferred to Luxel grids (Luxel, Friday
Harbor, WA), and photographed on a JEOL 1400 microscope with an

Advanced Microscopy Techniques (AMT) digital camera attached. The
EM images were matched with the corresponding STORM images and
were superimposed using Adobe Photoshop. Image manipulation was
restricted to rotation and linear (proportional) scaling to achieve overlap
of the images from the two modalities.

Live-cell imaging and kymograph analysis. Undifferentiated mu-
rine podocytes were transiently transfected using Amaxa nucleofec-
tion (Lonza, Allendale, NJ) with plasmids encoding constitutively ac-
tive Rac1 or RhoA. Transfected podocytes were cultured on collagen
I-coated glass-bottom dishes overnight and were serum starved for 6 h
to arrest baseline membrane ruffling. Rac1-transfected podocytes were
imaged in the serum-starved state, while 10% FBS was added to Rho-
transfected podocytes 10 min prior to imaging in order to induce
membrane ruffling. Sequential images were obtained with an Olympus
FluoView FV1000 microscope every 10 s for a 20-min duration, and
movies were assembled using Olympus FluoView software. The Im-
ageJ plug-in Multiple Kymograph (http://rsbweb.nih.gov/ij) was used
to generate kymographs at 5 different locations of maximum mem-
brane ruffling for each cell imaged (27). Ten actin spikes were mea-
sured for each kymograph, and the average length (ruffling index) was
determined as described previously (28).

Rac1 pulldown assay. The glutathione S-transferase (GST)-tagged
p21 binding domain of PAK1 (PBD) was expressed in Escherichia coli
BL21(DE3) and was purified using glutathione-agarose beads. For the
active Rac1 pulldown assay, whole-kidney lysates were generated by ho-
mogenizing the kidneys in cell lysis buffer (50 mM Tris-HCl [pH 7.5], 150
mM NaCl, 5 mM MgCl2, 10% glycerol, 1% NP-40, 1 mM dithiothreitol
[DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], 10 �g aprotinin, 10
�g leupeptin; aprotinin, leupeptin, DTT, and PMSF were freshly added)
and isolating the supernatant. Equal volumes of the lysates were incubated
with GST-PBD beads. Rac1-GTP bound to the beads (active Rac1) was
eluted with Laemmli sample buffer and was examined by immunoblot-
ting.

FIG 2 Generation of inducible EGFP_CA-Rac1 transgenic mice. (A) Strategy for targeted insertion of inducible EGFP_CA-Rac1 into exon 1 of the murine Hprt1
locus on chromosome X. The tetracycline response element (TRE) allows DOX-inducible EGFP_CA-Rac1 expression when this mouse line is crossed to
lineage-specific rtTA-transgenic mouse lines. (B) Confirmation of targeted insertion and verification of EGFP_CA-Rac1 activity in transgenic mice. Long
genomic PCR for the 5= and 3= insertion sites confirmed homologous recombination in ES cell clone 36. Parental KH2 ES cells were used as the negative control.
Lanes 1 and 3, PCR with Primer1 (in the 5= EGFP transgene sequence) and Primer3 (400 bp downstream of the 3= arm); lanes 2 and 4, genomic PCR with Primer2
(in the Rac1 transgene sequence) and Primer3. (C) XbaI digestion produced specific digestion bands (400 bp and 600 bp) that confirmed the specificity of the 5=
and 3= targeted locus PCR products from panel B. Results for two replicates are shown. Lanes C, control PCR product without XbaI digestion. (D) Transgenically
expressed EGFP_CA-Rac1 is functionally active. EGFP_CA-Rac1 transgenic mice were crossed to POD-rtTA inducer mice to generate POD�Rac1 mice. The
EGFP_CA-Rac1 transgene was induced by feeding DOX to the mice. Transgenically expressed EGFP_CA-Rac1 binds to GST-PBD, which specifically recognizes
the active conformation of Rac1. Transgenic EGFP_CA-Rac1 (detected with an anti GFP antibody) is not induced, and is not present to bind to GST-PBD,
without DOX induction. Representative data from two induced and noninduced POD�Rac1 mice are shown.
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Immunoblotting for protein in urine. Fifty microliters of trichloro-
acetic acid (TCA) was added to a 200-�l urine sample in order to
precipitate protein. After a 10-min incubation, the precipitate was
pelleted at 14,000 rpm for 10 min in a tabletop microcentrifuge. The
supernatant was discarded, and the pellet was washed once with ice-
cold acetone. The pellet was heated briefly to 95°C in order to evapo-
rate residual acetone. After the addition of Laemmli sample buffer, the
samples were resolved by SDS-PAGE, transferred to nitrocellulose
membranes, and immunoblotted for WT1 and EGFP by using the
antibodies described above.

RESULTS

Rho-family GTPases induce distinct effects on the actin cyto-
skeleton in cultured murine podocytes. To test the effects of Rho
GTPase activation on the podocyte actin cytoskeleton in vitro, we
first transfected an immortalized murine podocyte line with en-
hanced green fluorescent protein (EGFP) fused to constitutively
active versions of Rac1 (EGFP_CA-Rac1) and RhoA (EGFP_CA-
RhoA). Actin fibers and focal adhesions were visualized with phal-
loidin and vinculin, respectively. Constitutively active Rho (CA-

FIG 3 Podocyte-specific expression of CA-Rac1 causes proteinuria. (A) (Top) Without DOX induction, EGFP_CA-Rac1 is not expressed in POD�Rac1 mice.
(Bottom) After a 4-day DOX induction, the EGFP_CA-Rac1 transgene (green) is specifically expressed in glomerular podocytes, as confirmed by immunoflu-
orescence colocalization with the podocyte marker podocin (red). (B) DOX treatment induced a fast onset of proteinuria in POD�Rac1 mice. Urine samples
were collected from single transgenic EGFP_CA-Rac1 mice and from DOX-induced double transgenic POD�Rac1 mice at the indicated time points. Proteinuria
was quantitated by measuring the albumin/creatinine ratio for each sample. Each data point represents the albumin/creatinine ratio for a single mouse, measured
at the indicated time point. NS, not significant. (C) DOX-induced proteinuria is transient in POD�Rac1 mice. (D) The frequency of EGFP	 glomeruli correlated
positively with the level of proteinuria (albumin/creatinine ratio) (Pearson’s r, 0.8831; P, �0.0001).
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Rho) increased the number of stress fibers and focal adhesions in
podocytes (Fig. 1A). In contrast, CA-Rac1 expression in podo-
cytes induced membrane spreading and lamellipodium forma-
tion, resulting in large, round, flattened cells (Fig. 1A).

Since foot process effacement might reflect increased podocyte
motility (29), we next asked if these changes in cell morphology
correlated with changes in podocyte membrane dynamics. Using
live-cell imaging, we quantitated membrane motility using kymo-
graph analysis as described previously (19). Podocytes expressing
CA-Rac1 showed increased membrane ruffling relative to that of
wild-type cells after serum starvation (Fig. 1B; see also Videos S1
and S2 in the supplemental material). The addition of serum in-
duced membrane ruffling in wild-type cells, which was largely
suppressed in podocytes expressing CA-RhoA (Fig. 1C; see also
Videos S3 and S4 in the supplemental material). These experi-
ments confirmed that activation of Rac1 and activation of RhoA
produce marked changes in the podocyte actin cytoskeleton and
in membrane dynamics. Active Rac1 induced lamellipodium for-
mation and increased membrane motility in podocytes, while ac-
tive RhoA stabilized the cytoskeleton and suppressed membrane
motility.

Generation of inducible EGFP_CA-Rac1 transgenic mice.
Our in vitro results suggested that Rac1 activation might have
significant effects on podocyte function in vivo. Recent studies
showed that altered RhoA activity could play a pathogenic role in
podocytes in vivo (8, 9). However, a direct pathogenic role for
Rac1 activation in podocytes had not been tested in vivo. We
therefore generated a transgenic mouse model that would allow
for inducible expression of EGFP_CA-Rac1. Using homologous
recombination, we targeted the EGFP_CA-Rac1 transgene to the
Hprt1 locus in ES cells (20, 21) (Fig. 2A). Cells with successful
homologous recombination of the transgene into the Hprt1 locus
were selected on the basis of their growth in the presence of 6-thio-
guanine, which is toxic to cells harboring a functional Hprt1 allele.
Targeted gene insertion was confirmed by PCR (Fig. 2B and C),
and recombinant ES cells were microinjected into blastocysts to
generate chimeric mice.

EGFP_CA-Rac1 expression in podocytes causes rapid-onset
but transient proteinuria. To induce podocyte-specific expres-
sion, we crossed the EGFP_CA-Rac1 transgenic mice with another
transgenic line of mice with an rtTA transgene driven by the hu-
man podocin promoter, NPHS2 (POD-rtTA mice) (22). In dou-
ble transgenic (POD�Rac1) mice fed DOX, EGFP expression was
detectable as early as 4 days after induction. To validate the func-
tionality of the EGFP_CA-Rac1 transgene product, we used the
p21 binding domain of PAK1 (PBD) to precipitate EGFP_CA-
Rac1 from whole-kidney lysates of DOX-treated double trans-
genic mice (Fig. 2D). EGFP_CA-Rac1 protein was then immuno-
blotted using an anti-GFP antibody. EGFP_CA-Rac1 was readily
detectable in kidney lysates from DOX-treated mice but was not
detected in the absence of DOX. Expression of the transgene was
barely detectable in the whole-kidney lysate, a finding consistent
with the restriction of transgene expression to podocytes only. The
expression of the CA-Rac1 transgene in podocytes was confirmed
by colocalization with the podocyte-specific marker (podocin) by
immunofluorescence microscopy (Fig. 3A). However, the CA-
Rac1 transgene was expressed in only a portion of podocytes, and
this level of expression was variable from one glomerulus to the
next and from one mouse to another.

After 2 days of induction with DOX, POD�Rac1 mice devel-

oped significant proteinuria, while no proteinuria was detected in
single transgenic control mice. Proteinuria reached its peak on day
4 and then began to abate around 1 week postinduction (Fig. 3B
and C). DOX treatment for as long as 3 months did not result in
progressive renal dysfunction or significant histologic alterations.
Given the variable expression of the transgene, we assessed
whether the level of proteinuria correlated with the level of expres-
sion (Fig. 3D). The magnitude of proteinuria correlated positively
with the frequency of EGFP-positive glomeruli. The kinetics of
proteinuria were similar for all POD�Rac1 mice: proteinuria be-
gan around day 2 and abated after day 7 (Fig. 3C). These experi-
ments showed that podocyte-specific expression of CA-Rac1 in-
duced rapid and transient proteinuria that correlated with the
level of transgene expression.

FIG 4 EGFP_CA-Rac1 expression driven by NEF-rtTA induces more robust-
transgene expression and transient proteinuria. (A) NEF-rtTA mice were gen-
erated and were crossed with EGFP_CA-Rac1 transgenic mice to generate
NEF�Rac1 mice. After 4 days of DOX treatment, there was robust expression
of the EGFP_CA-Rac1 transgene (green) in podocytes, which were labeled
with the podocyte marker podocin (red). (B) Like POD�Rac1 mice,
NEF�Rac1 mice were treated with DOX for various times, and proteinuria
was measured in the urine samples collected. Compared to the single trans-
genic (EGFP_CA-Rac1 only) control mice, NEF�Rac1 mice exhibited signif-
icant proteinuria as early as 2 days after induction. Each data point represents
the albumin/creatinine ratio from a single mouse measured at the indicated
time point. (C) As with POD�Rac1 mice, the proteinuria in NEF�Rac1 mice
peaked around day 4 and then returned to baseline in 28 days. Each data point
represents the albumin/creatinine ratio from a single mouse measured at the
indicated time point.
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NEF-rtTA-driven EGFP_CA-Rac1 expression in podocytes
results in higher transgene expression and more-severe protein-
uria. We considered that the patchy and uneven expression of
CA-Rac1 might be due to silencing of the POD-rtTA transgene.
To circumvent this problem, a new transgenic mouse line express-
ing a modified form of rtTA (rtTA-3G) under the control of the
mouse nephrin (Nphs1) promoter was generated (NEF-rtTA)
(34) and was bred to our EGFP_CA-Rac1 mice. Examination of
kidneys from double transgenic (NEF�Rac1) mice after 4 days of
DOX treatment showed a greater proportion of glomeruli and
higher numbers of podocytes expressing the transgene than those
for POD�Rac1 mice (Fig. 4A). However, ubiquitous expression
of the transgene in podocytes still was not seen. This increased
expression and distribution of the CA-Rac1 transgene did, how-
ever, correlate with a faster onset and higher levels of proteinuria
than those for POD�Rac1 mice (Fig. 4B). The proteinuria in
NEF�Rac1 mice persisted after 1 week of DOX treatment (Fig.
4C). However, as with POD�Rac1 mice, proteinuria peaked at
day 4 and decreased gradually over time (Fig. 4C).

After mice were exposed to DOX for 28 days, we could not
detect any EGFP_CA-Rac1-expressing podocytes in kidney sec-
tions from either POD�Rac1 or NEF�Rac1 mice (Fig. 5B). We
hypothesized that this might be due to shedding of the transgene-
expressing cells into the urine during the proteinuric phase. To
investigate this possibility, we collected urine samples before and
after DOX treatment and tested them for the presence of cells
expressing EGFP_CA-Rac1 by immunoblotting with an anti-GFP
antibody. In the absence of DOX treatment, EGFP_CA-Rac1 was
not detected (Fig. 5C). After DOX treatment, EGFP_CA-Rac1 was
readily detected in the urine samples of NEF�Rac1 mice. Cytos-
pin preparations from the same mice showed occasional EGFP_
CA-Rac1-expressing podocytes (data not shown).

EGFP_CA-Rac1 induces foot process effacement, but with-
out other histological changes in the glomerulus. Next, the mor-
phology of podocytes expressing CA-Rac1 was assessed by both
light and electron microscopy. Glomeruli from DOX-induced
Rac1 single transgenic mice and NEF�Rac1 mice were unremark-
able by light microscopy (Fig. 5A). No obvious abnormalities were

detected even after 1 month of continuous DOX induction.
Transmission electron microscopy showed segmental effacement
of podocyte foot processes in POD�Rac1 glomeruli (Fig. 6A), a
finding consistent with uneven transgene expression. To test
this, we used a superresolution fluorescence imaging method, sto-
chastic optical reconstruction microscopy (STORM). STORM
achieves nanometer resolution by sequential imaging of a sparse
subset of fluorescently labeled molecules (24). Sections of kidney
tissues from NEF�Rac1 mice on day 4 after DOX induction were
stained with fluorescently tagged antibodies for EGFP (to localize
CA-Rac1) and laminin �2 (to detect the glomerular basement
membrane) and were examined by STORM. After STORM imag-
ing, the coverslip with attached tissue was lifted off the slide
and was reprocessed for freeze-etch electron microscopy. EM-
STORM correlations (Fig. 6B and C) showed that only the
EGFP_CA-Rac1-expressing podocytes had effaced foot processes,
while adjacent non-EGFP_CA-Rac1-expressing podocytes had
intact foot processes (Fig. 6C). These studies are consistent with
the hypothesis that the presence of the EGFP_CA-Rac1 transgene
specifically induces foot process effacement in podocytes. They
also provide an explanation for the segmental foot process efface-
ment seen by TEM.

CA-Rac1 decreases podocin and nephrin levels via protea-
somal degradation. During our examination of double transgenic
kidneys by immunofluorescence microscopy (Fig. 3A and 4A), we
noted that in both POD�Rac1 and NEF�Rac1 mice, EGFP_CA-
Rac1 expression appeared to be inversely correlated with podocin
and nephrin levels (Fig. 7A and C). Quantitative correlation of the
pixel intensity of EGFP with those of podocin and nephrin showed
significant negative correlations (Fig. 7B, D, E, and F). To test
whether Rac1 activation might directly downregulate podocin
protein levels, cultured podocytes were transiently transfected
with an empty vector, EGFP_CA-Rac1, or EGFP_CA-RhoA, and
podocin levels were analyzed by immunoblotting. In five indepen-
dent experiments, CA-Rac1 diminished podocin levels by about
50% from those with the vector control, while CA-RhoA had no
effect (Fig. 7G). We measured the levels of podocin mRNA in
these podocytes by quantitative PCR and found no significant

FIG 5 No obvious pathological changes were detected by histological analysis of DOX-induced NEF�Rac1 mice, and the transgene-positive podocytes were lost
after prolonged DOX treatment. (A) Hematoxylin-and-eosin (H&E)- and periodic acid-Schiff (PAS)-stained kidney sections from NEF�Rac1 mice induced
with DOX for 4 days. (Left) Control kidney samples; (right) NEF�Rac1 tissues. (B) Kidney samples were harvested from 3 NEF�Rac1 mice treated with DOX
for 4 days or 28 days. For each kidney section, the percentage of EGFP-positive glomeruli was counted. (C) Immunoblotting of urinary protein for EGFP_CA-
Rac1. Six mice were induced with DOX for 2 days, and urine samples were collected before DOX treatment (�DOX) and at day 2 post-DOX treatment (	DOX).
Total protein was precipitated by TCA and was resolved with SDS sample buffer. We detected chimeric EGFP_CA-Rac1 protein in NEF�Rac1 urine samples
(samples 1 to 3) after DOX induction but not before DOX induction. Rac1 single transgenic mice were used as negative controls.
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difference, suggesting that the decrease in podocin expression was
not mediated by transcriptional downregulation (Fig. 7H). The
decrease in podocin levels could be blocked by the proteasome
inhibitor MG132, suggesting that Rac1 activation induces podo-
cin degradation in vitro, at least in part via the proteasomal path-
way (Fig. 7I).

DISCUSSION

The glomerular podocyte, with its arbor of interdigitating foot
processes, is the critical final component of the kidney’s filtration
barrier. The elaborate actin-based cytoskeleton of the podocyte’s
foot process is effaced in proteinuric kidney diseases. Since actin
reorganization mediated by Rho-family GTPases is a well-estab-
lished mechanism for cell shape change, we and others have at-
tempted to ask directly how specific Rho GTPase activation regu-
lates podocyte morphology in vivo.

Previous studies used an approach similar to ours to study the

role of RhoA in podocytes by generating constitutively active and
dominant negative (DN) inducible RhoA transgenic mouse lines
(8, 9). Both approaches resulted in podocyte dysfunction, albeit
with different kinetics. In both models, proteinuria developed rel-
atively slowly, over several weeks to months. Given the rapidity
with which Rho-family GTPases can induce actin cytoskeletal
changes in vitro, those findings raise the possibility that protein-
uria in those systems is due to indirect effects of transgene expres-
sion in podocytes rather than to a direct signaling effect of RhoA.
In addition, the mechanism of foot process effacement directed by
RhoA activation was not directly addressed in those studies.

In our transgenic mouse model, expression of constitutively
active Rac1 (CA-Rac1) produced a rapid onset (�48 h) of pro-
teinuria that correlated with the degree of transgene expression.
While the NEF-rtTA transgene was expressed in a larger percent-
age of podocytes than the POD-rtTA transgene, neither system
resulted in transgene expression in all podocytes. Uneven expres-

FIG 6 EGFP_CA-Rac1 expression in podocytes is associated with foot process effacement in vivo. (A) (Left) Examination of kidney tissues from DOX-treated
POD�Rac1 mice by transmission electron microscopy demonstrates segmental effacement (E) of podocyte foot processes, while the foot processes of neigh-
boring podocytes are intact and appear normal (N). (Right) The same areas at a higher magnification. (B) Scanning electron microscopy (left) and STORM
(right) imaging techniques were performed on the same glomerulus from a NEF�Rac1 mouse treated with DOX for 4 days. For STORM imaging, the sample was
stained for laminin �2 (red) and EGFP (green) in order to label EGFP_CA-Rac1-expressing podocytes. The boxed area is examined in detail in panel C. (C)
Correlation of STORM and EM images demonstrates that EGFP-CA-Rac1-expressing podocytes have effaced foot processes, while neighboring non-transgene-
expressing podocytes retain intact foot processes. (Left) Capillary loops with effaced foot processes (arrowheads) and intact foot processes (arrows). (Center)
STORM imaging of the same area with laminin �2 (red) and EGFP (green). (Right) Schematized representation of the STORM data overlaid on the EM image.
The glomerular basement membrane marked by laminin �2 is outlined in red. The EGFP_CA-Rac1 podocyte with its effaced foot processes is outlined in green.
The intact foot processes of non-transgene-expressing podocytes are outlined in blue. M, mesangial cell; E, endothelial cell.
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sion of the EGFP_CA-Rac1 transgene could explain the segmental
foot process effacement detected by electron microscopy. Using
STORM imaging and freeze-etch electron microscopy correlation
techniques that we developed recently (25), we confirmed that
effaced foot processes correlated with GFP-positive cells. In con-
trast to the slow onset of proteinuria with RhoA transgenic mice,
the rapid onset and dose-responsive nature of proteinuria in-

duced by CA-Rac1 expression provides strong evidence for a di-
rect signaling role for Rac1 activation in causing foot process ef-
facement and proteinuria.

While the onset of proteinuria in CA-Rac1-expressing mice
was rapid, the proteinuria induced was only transient. This corre-
lated with a permanent loss of EGFP_CA-Rac1 transgene expres-
sion in the kidney sections. Since GFP could not be detected in the

FIG 7 EGFP_CA-Rac1 expression correlates with reduced expression of podocin and nephrin. (A through D) A NEF�Rac1 mouse was induced with DOX for
4 days, and glomeruli were stained for nephrin (A) and podocin (C), both shown in red. There is decreased expression of nephrin and podocin in podocytes
expressing the EGFP_CA-Rac1 transgene. Quantitation of pixel intensity across the glomerulus demonstrates the separation of nephrin (Pearson’s r, �0.3840;
P, �0.0001) (B) and podocin (Pearson’s r, �0.1432; P, �0.0001) (D) signals from EGFP_CA-Rac1 signals. (E and F) Additional measurements of nephrin (E)
and podocin (F) in three other glomeruli. (G) Expression of EGFP_CA-Rac1 but not of EGFP_CA-RhoA in cultured podocytes reduces podocin protein levels.
(Left) Cultured podocytes were electroporated with an EGFP_CA-Rac1 or EGFP_CA-RhoA expression plasmid. Protein lysates were immunoblotted for
podocin, Erk2, and EGFP. EGFP_CA-Rac1 reduced podocin protein levels from those with the empty-vector control and EGFP_CA-RhoA. (Right) Densito-
metric quantitation of podocin levels normalized to Erk2 levels in three independent experiments. An asterisk indicates a significant difference (P � 0.05) by the
unpaired t test. NS, not significant. (H) Quantitative PCR for podocin and �-actin was performed with cDNA preparations of podocytes expressing CA-Rac1,
CA-RhoA, or a vector control. (I) The reduction in podocin levels can be rescued by treatment with the proteasomal inhibitor MG132 but not with the vehicle
(dimethyl sulfoxide [DMSO]) alone.
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kidneys of mice receiving long-term DOX treatment, we sus-
pected that chronic Rac1 activation resulted in the shedding of
podocytes into the urine. This is not surprising, because Rac acti-
vation inhibits Rho activity, and Rho activation is involved in cell
adhesion. Immunoblotting showed the presence of transgene-de-
rived protein in urine samples from DOX-induced NEF�Rac1
mice (Fig. 4C). Assays of cell death due to apoptosis (terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end la-
beling [TUNEL]) were negative.

The efficiency of CA-Rac1 transgene expression differed for
the two different rtTA driver lines and even for mice with the same
rtTA driver line. This difference necessitated the direct correlation
of transgene expression in kidney sections with the degree of pro-
teinuria. The reason for this variability in expression is unclear,
but it needs to be accounted for when one is using both of these
transgenic lines. It is well known that epigenetic silencing can
suppress transgene expression over time (30). It is also possible
that the incomplete expression of our CA-Rac1 transgene is re-
lated to other epigenetic factors that affect the expression of both
the rtTA and EGFP_CA-Rac1 transgenes.

We did not observe any progressive renal dysfunction or focal
and segmental glomerulosclerosis (FSGS) in CA-Rac1-expressing
mice after prolonged DOX treatment, in contrast to observations
for CA-RhoA transgenic mice (9). This may be attributed to the
low frequency of EGFP_CA-Rac1-expressing podocytes in our
systems, since in a rat model of tunable podocyte loss, approxi-
mately 20 to 40% podocyte depletion was required before FSGS
was consistently observed (31).

The presence of EGFP_CA-Rac1 reduced podocin protein ex-
pression both in vivo and in cultured podocytes. This reduction
was mediated, at least in part, by proteasomal degradation, as
evidenced by the fact that it could be blocked in vitro with protea-
some inhibitors. Because we could not detect CA-Rac1-positive
cells after extended DOX treatment, we suspect that the trans-
gene-expressing podocytes were lost and that compensatory
mechanisms were deployed to maintain podocyte function (32,
33). These compensatory mechanisms might explain the resolu-
tion of proteinuria over time in CA-Rac1-expressing mice. Our
studies suggest that the development of tools to detect the activa-
tion of endogenous Rac1 and RhoA in podocytes might be clini-
cally useful and that the decreased expression of nephrin and
podocin could potentially be used as a surrogate marker for Rac
activation.
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